Abstract. We present extensive optical, radio and infrared follow-up observations of a sample of 35 hard X-ray (2-10 keV) selected sources discovered serendipitously in the PV XMM-Newton observation of the radio-loud quasar PKS 0312-77 field, for which also an archival Chandra observation is available. The observations have been carried out as part of the HELLAS2XMM survey, a program aimed to understand the nature of the sources responsible for the bulk of the hard X-ray Background (XRB). The identification of the optical counterparts greatly benefits from the positional accuracy obtained from Chandra and radio observations. As a consequence, the spectroscopic completeness of the present sample (80%) is limited only by the faintness of the optical counterparts. The multiwavelength coverage of our survey allows us to unveil a large spread in the overall properties of hard X-ray selected sources. At low redshift (z < 1), the source breakdown includes Broad Line AGN, Narrow EmissionLine Galaxies, and optically "normal" galaxies. All the ten sources at z > 1 are spectroscopically classified as Broad Line AGNs. A few of them show significant intrinsic X-ray absorption (NH > 10 22 cm −2 ), further supporting previous evidence of a decoupling between optical and X-ray properties at high luminosities and redshifts. Finally, a non negligible fraction (∼15%) of the hard X-ray sources are not detected down to the limiting magnitude of the optical images. The corresponding high X-ray to optical flux ratio, X-ray and optical-infrared colors strongly suggest that they are high redshift, obscured AGN.
Introduction
Deep X-ray surveys carried out with Chandra and XMMNewton have resolved a large fraction (more than 80%) of struments and contributions directly funded by ESA member states and the USA (NASA) the hard X-ray Background (XRB) into discrete sources (Mushotzky et al. 2000; Brandt et al. 2001; Alexander et al. 2003; Hasinger et al. 2001; Giacconi et al. 2001) down to a 2-10 keV flux limit of about 2 × 10 −16 erg cm −2 s −1 . The results of the optical identifications show that about half of the objects are associated with optically bright (I<24) galaxies at redshifts < 1.5 which are often identified with Active Galactic Nuclei (AGN), while the other half appears to be a mixture of higher redshift AGN and optically faint (I > 24) galaxies Barger et al. 2001 Barger et al. , 2002 Giacconi et al. 2002) .
In order to better understand the nature of the various components of the X-ray background light we have started a program of multiwavelength follow-up observations of hard X-ray selected sources serendipitously discovered in 15 XMM-Newton fields over ∼ 3 deg 2 (the HELLAS2XMM survey; Baldi et al. 2002) . The 2-10 keV sample of the HELLAS2XMM survey consists of 495 sources detected in the hard X-ray band at fluxes of the order of ∼ 10 −14 − 10 −12 erg cm −2 s −1 where a significant fraction of the XRB is resolved (∼ 50 − 60%; see, e.g., Comastri 2001 for a review) and at the same time the optical identification process is relatively easy. This strategy allows to cover a large area of the sky and to fill the gap between previous shallow hard X-ray surveys (the BeppoSAX HELLAS survey, ; the ASCA GIS survey, Cagnoni et al. 1998 ; the ASCA LSS and MSS Surveys, Akiyama et al. 2000; Ueda et al. 1999; Akiyama et al. 2002) and recent deep Chandra (CDF-N, Brandt et al. 2001 ; CDF-S, Giacconi et al. 2002) and XMM-Newton (Lockman Hole, Hasinger et al. 2001) observations. To date, we have performed an extensive optical followup program for about one third of the fields (Fiore et al. 2003) . The final aim of this project is the derivation of an accurate luminosity function over a wide range of redshifts and luminosities for a large sample of hard X-ray selected, presumably obscured objects, in order to trace the accretion history in the Universe. Indeed, X-ray absorbed sources are a key parameter for AGN synthesis models of the XRB, which, in their simplest versions (Setti & Woltjer 1989; Madau et al. 1994; Comastri et al. 1995) , predict a large number of high-luminosity, highly obscured quasars (the so-called QSO2). In the zero-th order unifications models, QSO2 are predicted to be the highluminosity counterparts of local Seyfert 2 galaxies. Despite intensive optical searches, these narrow-line high-redshift objects appear to be elusive, suggesting a space density and evolution different from that expected from unified schemes and calling for substantial revision of the XRB baseline models (Gilli et al. 2001) . However, the results of recent multi-wavelength follow-up from both shallow and deep surveys, indicate that the sources responsible for a large fraction of the XRB energy density are characterized by a large spread in their optical properties; therefore the understanding of the energetically dominant component of the XRB is possible only by means of multiwavelength observations.
In this framework, the field surrounding the radio-loud quasar PKS 0312-77 (one of the HELLAS2XMM fields) is a key example. It has been observed both by Chandra and XMM-Newton during their Calibration and Performance Verification (PV) phases; deep radio observations at 5 GHz have been obtained with the Australian Telescope Compact Array (ATCA) telescope, along with the optical imaging at the ESO 3.6m telescope for the 35 objects detected in the combined MOS1 + MOS2 + pn XMM-Newton observation. Optical spectroscopy has been obtained for 28 sources, both at the ESO 3.6m and VLT/FORS1 telescopes. In Section 2 we present the multiwavelength data, in Section 3 the X-ray sources identification, and in Section 4 the radio properties. In Section 5 we discuss the source breakdown and the multiwavelength properties of the sources. Finally, in Section 6 we summarize our results. Throughout the paper, the adopted values for the Hubble constant and the cosmological parameters are H 0 =70 km s −1 Mpc −1 , Ω Λ =0.7, Ω m =0.3.
Multiwavelength observations

XMM-Newton
The PKS 0312-77 field was observed during the XMMNewton PV phase, in 2000, March 31, for a nominal exposure time of ∼ 30 ks. The XMM-Newton data were processed using version 5.3 of the Science Analysis System (SAS). The event files were cleaned up from hot pixels and soft proton flares (see Baldi et al. 2002 for details) . The resulting exposure times are 24.7, 26.5 and 26.1 ks in the pn, MOS1 and MOS2 detectors, respectively. The excellent relative astrometry between the three cameras (within 1 ′′ , below their FWHM of ∼ 6 ′′ ) allows us to merge the MOS and pn images in order to increase the signal to noise ratio and to reach fainter X-ray fluxes. An accurate detection algorithm developed by our group (Baldi et al. 2002) was run on the 2-10 keV cleaned event, in order to create a list of candidate sources. We then computed the probability that the detected counts originate from poissonian background fluctuations: 35 sources were detected above a detection threshold of p=2×10 −5 . The count rate to flux conversion factor was derived assuming a power law with photon index Γ=1.7, absorbed by the Galactic column density toward the PKS 0312-77 field (N H =8×10 20 cm −2 , Dickey & Lockman 1990) , and weighted by the effective exposure time of the different EPIC cameras. The uncertainty in the derived fluxes is < 15% for ∆Γ = ±0.5. The 2-10 keV fluxes range from ∼ 1 × 10 −14 to 4 ×10 −13 erg cm −2 s −1 . The same detection algorithm was also run in the 0.5-2 keV energy range in order to characterize the average spectral properties of the sources in our sample using the hardness-ratio technique. The XMM-Newton observation of the PKS 0312-77 field has been already analyzed by Lumb et al. (2001) ; the same dataset is included in the First XMM-Newton Serendipitous Source Catalogue (2003, Version 1.0.1), recently released by the XMM-Newton Survey Science Centre 1 (SSC). A detailed comparison of the three samples is discussed in Appendix A.
Chandra
The PKS 0312-77 field was also observed by Chandra during a PV observation in 1999, September 8, for a total exposure time of ∼ 12 ks. The analysis of the six objects selected in the 2-10 keV band based on preliminary calibration data and detection techniques has been already reported by Fiore et al. 2000 (hereinafter F00) . Thanks to the unprecedented Chandra positional accuracy (∼ 1 ′′ ), it was possible to unambiguously identify all of the optical counterparts of these hard X-ray sources. An additional, almost simultaneous Chandra observation of the PKS 0312-77 field was retrieved from the archive, combined with the previous one, and analyzed using version 2.2 of the CXC software. The high-background intervals were filtered out leaving about 24.7 ksec of useful data. The WAVDETECT algorithm (Freeman et al. 2002) was run on the cleaned full band (0.5-8 keV) image setting a false-positive threshold of 10 −7 , which led to highly reliable detections, as shown in the HDF-N field (e.g., Brandt et al. 2001) . Twenty-five out of the 35 XMM-Newton sources are within the Chandra ACIS-I field-of-view (FOV); only two sources detected in the XMM-Newton observation were not detected by Chandra: one object falls in a CCD gap, while the other is just below the adopted probability threshold. A detailed analysis of the Chandra X-ray spectral properties and the comparison with the XMM-Newton results is prevented by the well known calibration problems related to the relatively high temperature of the ACIS-I detector during the PV phase. We made use of the extremely good positional accuracy provided by Chandra which allowed us to unambiguously estimate the X-ray centroid position for the 23 common sources (see Sect. 3).
Optical Imaging
The optical imaging (R-Bessel filter) of the PKS 0312-77 field was carried out using EFOSC2 (Patat 1999) at the 3.6m ESO telescope in La Silla during three different observing runs (periods 66-68). Exposure times were typically of 5-10 min, with a typical seeing of about 1.5 ′′ . We acquired 16 R-band frames in order to cover all the X-ray sources; each single image, with a pixel size of 0.32 arcsec and a FOV of ∼5.3×5.3 square arcmin, was cross-matched to the USNO catalog 2 (Monet et al. 1998 ) and astrometrically calibrated using the package GAIA (version 2.3-1 driven P.W. Draper from the Skycat soft-1 http://xmmssc-www.star.le.ac.uk/ 2 http://archive.eso.org/skycat/servers/usnoa ware developed by ESO). We obtained a good astrometric solution for each frame, with r.m.s. in each coordinate of about 0.1-0.2 ′′ . The images were reduced using standard techniques including de-bias, flat-fielding, and fringing correction (if needed). The photometric calibration was performed for each night using the zero-point derived from the measured instrumental magnitudes of standard stars and assuming the average extinction reported in the Observatory web page 3 . The optical source catalogue was created using the SExtractor software (Bertin & Arnouts 1996) . Since the images have been obtained under different seeing conditions, the limiting magnitude has been conservatively estimated in each frame as the 3σ (sky value) over 2.5 times the seeing area. Using this definition, the limiting magnitudes range between 24.0 and 25.2, mainly depending on the image seeing.
Optical Spectroscopy
The spectroscopic follow-up observations of the optically bright population (17 sources with R< 22) have been performed with the ESO 3.6m telescope equipped with EFOSC2 during four different observing runs (Jan 2000 -Nov 2001 in the framework of the identification program of the HELLAS2XMM survey. We used the EFOSC2 grism #13 with a 1.5 arcsec slit, which yields a dispersion of about 2.8Å per pixel and provides a good spectral coverage up to 9000Å. The exposure times vary between 600 and 2400 s, depending on the target magnitude. The spectroscopic follow-up of the 11 sources with R=22 − 24 has been performed with the ESO VLT/UT2 telescope equipped with FORS1 during period 69. The grism 150I with a 1.3 arcsec slit was used, providing a dispersion of 5.4 A per pixel and a wide spectral domain (≈ 3500÷10000Å). The FORS1 exposure times range from 480 up to 6300 s; dithering of the targets along the slits was applied for the faintest objects in order to optimally remove the fringing at wavelengths longer than 7500Å.
All the spectroscopic data have been reduced using standard IRAF 4 routines. Bias exposures taken on each night were stacked, checked for consistency with the overscan regions of spectroscopic frames, and subtracted out. The bias-subtracted frames were then flat-fielded in a standard manner using internal lamp flats obtained during the same run. The sky background was removed by fitting a third-order polynomial along the spatial direction in source free regions. In all the observing runs the wavelength calibration was made using arc lamps (He-Ar for the EFOSC2 data, He-Ar-Hg for the FORS1 data) and different spectroscopic standard stars were used for the flux calibration.
Radio
A deep radio observation of the PKS 0312-77 field at 5 GHz was performed with the Australian Telescope Compact Array (ATCA) in the 6-km configuration (maximum baseline length), with a synthesized beam size (HPBW) of ∼ 2 ′′ . The data were collected in a 12-hours run on 2000, September 27. In order to improve the sensitivity by a factor of √ 2, we used both ATCA receivers at 5 GHz, centered at 4800 and 5824 MHz, respectively. The field was observed in the mosaic mode by cycling through a grid of 5 pointings on the sky, in order to yield a uniform noise over the area covered by the Chandra data. The data were analyzed with the software package MIRIAD. Since the ATCA correlator provides a bandwidth of 128 MHz subdivided into 32 frequency channels (of 4 MHz each), in the data reduction we used the multi-frequency synthesis algorithms which give the opportunity of producing images with improved (u, v) coverage by combining accurately the visibility of individual channels. The division of the wide passband into subchannels reduces the effects of bandwidth smearing. Each bandpass was calibrated and cleaned separately to produce two individual images that were combined together into a single mosaic at the end of the reduction phase. Self-calibration was used to make additional correction to the antenna gains and to improve the image quality. The final map has uniform noise of 50 µJy (1σ) over an area with a semicircular shape (due to the odd numbers of pointings) with a radius of about 10 arcmin, surrounded by an area where the noise increases for increasing distance from the center. The accuracy on the radio position is of the order of ∼ 2 ′′ for the faintest objects.
Near-infrared
Deep K s observations of a small subsample (ten objects) of the hard X-ray sources detected in the PKS 0312 field have been obtained with the Infrared Spectrometer And Array Camera (ISAAC, see Moorwood et al. 1999) mounted on the ESO VLT-UT1 telescope, as a part of complementary programs of the HELLAS2XMM survey. The observations have been collected in service mode during relatively good seeing conditions (< 0.8 ′′ ). We used the ISAAC SW Imaging Mode, which gives a pixel scale of 0.1484 arcsec/pixel and a FOV of 2.5×2.5 square arcmin. The net exposure time was 36 min for each field and, after running SExtractor, we estimated a 50% completeness at K s ≈ 21 by comparing our data with deeper surveys (e.g., Saracco et al. 2001; Bershady et al. 1998) . The data reduction has been performed in two steps: individual raw frames have been first corrected for bias and dark current, and flat-fielded using standard IRAF routines. For the sky subtraction and image co-adding we then used DIMSUM 5 a contributed package of IRAF. The K-band imaging data are used only for what concern the identification of the X-ray counterparts (see Sect. 3). We refer to Mignoli et al. (in preparation) for a full discussion on data reduction and analysis techniques.
X-ray sources identification
At first, we have accounted for the astrometric calibration of the X-ray image by looking for average displacement of bright type 1 AGN already identified in F00. We found an average shift of ∼ 2 ′′ (∆(Ra)=1.67 ′′ ; ∆(dec)=−1.13 ′′ ), in agreement with the findings reported in Lumb et al. (2001) , where the astrometric calibration was done with respect to the position of the bright central target. We have also verified the effects of possible scale and rotational offsets in the matched astrometric solution, that turned out to be negligible. The uncertainties in the determination of the X-ray positions are mainly ascribed to the XMM-Newton PSF, in particular at faint X-ray fluxes where the statistical error in RA and DEC determination are expected to be in the range 1 -2 arcsec (see Sect. 6.3 in the First XMM-Newton Serendipitous Source Catalogue: 1XMM, User Guide to the Catalogue). In order to accommodate any residual systematics in the astrometric calibration of the EPIC images (see Barcons et al. 2002) and to fully account for the PSF broadening in faint sources (e.g., sources with <100 cts). we have Fig. 1 . Displacements between the optical and X-ray positions as a function of the off-axis angle. The size of the symbols increases as the X-ray flux decreases.
searched for optical counterparts for all the X-ray sources within a conservative matching radius of 5 arcsec from the astrometrically corrected X-ray centroid. Such a radius also represents the radius for which ∼ 95% of the XMM-Newton sources in the SSC catalogue are associated with USNO A.2 sources (see Fig. 7 .5 in the First XMM-Newton Serendipitous Source Catalogue: 1XMM, User Guide to the Catalogue). Thirty-one X-ray sources have one or more optical counterparts brighter than R∼24.0 within the XMM-Newton error box, while for four objects there are no obvious counterparts down to the magnitude limits of the optical images (see Sect. 2.3). The probability threshold adopted in the X-ray detection algorithm corresponds to less than 1 spurious X-ray detection. We are then confident that also X-ray sources without optical counterparts are real X-ray sources and in the following we address to these objects as blank fields. In Fig. 1 we report the displacements between the optical and X-ray positions as a function of the off-axis angle. As shown by the size of the symbols (increasing as the X-ray flux decreases), a better X-ray-optical matching is achieved for the X-ray brightest sources, generally characterized by the sharpest PSF. For these sources the displacements from the claimed optical counterparts are < 2 ′′ even at large offaxis angles (> 12 ′ ). The average displacements (∼ 2 arcsec) of the X-ray faintest sources are consistent with those expected at these flux levels (see above). We finally note that the residual astrometric differences between the X-ray and optical positions do not show any clear trend with the off-axis angle between 4 and 11 arcmin, where the bulk of the sources are detected. For each of the 29 XMM-Newton sources covered by radio observations we also searched for radio sources within the X-ray error box (5 ′′ radius). We found 5 X-ray/radio associations, while for the remaining 24 X-ray sources we report the 3σ upper limit (see Table 1 ).
Confusion problems
The additional Chandra data of the PKS 0312-77 field allowed us to quantitatively investigate confusion problems of X-ray sources, i.e. when the measured X-ray emission is indeed originated from two or more X-ray sources at a distance comparable to the XMM-Newton PSF. This could in principle be the case for four out of 31 sources, for which two candidate optical counterparts fall within the XMMNewton error circle (sources 20, 22, 127, and 18) . Only in one case (source 18, also known as P3 [F00]) two objects are clearly resolved by Chandra within the XMM-Newton detection (see Fig. 1 in Comastri et al. 2002a) ; the X-ray flux of the faintest source is only about 10% of the claimed counterpart, suggesting that most of the XMM-Newton flux belongs to P3. The subarcsec positional accuracy of Chandra allows to unambiguously identify the correct optical counterparts of the remaining three sources and to exclude that two individual X-ray sources contribute to the measured XMM-Newton flux (see Fig. 2 for an example). The multiwavelength coverage of our survey turned out to be extremely useful to investigate confusion problems also for the sources for which Chandra data are not available. The closest optical counterpart of source 35 (R=22), at a distance of ∼ 4
′′ from the X-ray centroid, has been identified with a Broad Line AGN at z=1.272; given the AGN surface density at these faint optical magnitudes (∼100 deg −2 at R=22, assuming a B-R color of 0.6; Koo & Kron 1988) , the corresponding probability that the source lies entirely by chance in the XMM-Newton error box is 6.0×10 −4 . However, a relatively bright (S 5GHz ∼ 0.4 mJy) radio source, associated with an optically blank field (R> 24.6, see Fig. 3 ) is almost coincident with the Xray centroid. A bright (K=18.5) source clearly emerges in the infrared band at the position of the radio source; the R − K color > 5.1 places this source among the Extremely Red Object (ERO; R − K > 5.0) population. Given the EROs surface density at K< 18.5 (∼800 deg −2 , Daddi et al. 2000) and the fraction of radio-emitters EROs at this level (< 10%, see, e.g., Smail et al. 2002; Roche et al. 2003 ) the corresponding probability that a radio emitting ERO lies entirely by chance in the XMM-Newton error box is < 5.0 × 10 −4 . It is then likely that both the Broad Line AGN and the ERO contribute to the measured X-ray emission, although on the basis of the chance coincidence argument we are not able to definitely disentangle the contribution of each source; therefore, we have associated half of the X-ray flux to the Broad Line AGN and half to the ERO.
We also note that the above described uncertainty in the source classification cannot be solved making use of the X-ray to optical flux ratio. Indeed even changing the X-ray flux by a factor two the rest-frame f X /f opt would be consistent with the typical values observed for broad line AGN and EROs respectively (in the latter hypothesis the redshift has been estimated from the K-z relation of radiogalaxies).
Sources at distance > 3 ′′
Twenty-five out of 31 sources in the present sample show optical counterparts within a 3 ′′ radius from the XMMNewton centroid. The probability P of chance coincidence is in all cases, but one (see Table 1 ) lower than 0.01 (P = 1 − e −πr 2 n(m) , where n(m) is derived from the number magnitude relation of field galaxies reported by Pozzetti & Madau (2000) ), strongly supporting the reliability of our identifications. The Chandra and radio detections turned out to be extremely useful to identify five out of the six remaining sources for which the closest optical counterpart lies between 3 and 5 arcsec from the XMMNewton centroid (Fig. 4 ):
• the optical counterpart of source 29 (r ≃ 3 ′′ ) is a galaxy very close to a bright F/G star; it lies at ∼ 1.5 ′′ from a Chandra source and it is most likely the correct identification.
• a Chandra source within the XMM-Newton error box of source 36 lies at ∼ 4.8 ′′ from the possible optical counterpart which therefore cannot be the correct identification (see Fig. 4 ). In the following we refer to this source as an optically blank field.
• the radio detection of the optical counterpart of source 17 (r = 4.5 ′′ ) strongly suggests that the identification is secure; • a faint radio source, detected at the 3.5σ level at ∼ 3 ′′ from the nearest optical counterpart of source 181 is likely to be the correct identification given the uncertainty on the radio position (2 − 3 ′′ ) • source 35 has been already discussed in the previous subsection.
The remaining object (source 66) is associated with a faint optical counterpart (R=23.1), classified as a Broad Line AGN, at a distance of 3.7 ′′ . Given the AGN surface density at these faint magnitudes (∼300 deg 1.8 × 10 −3 ; we are therefore confident that the identification is correct.
Summarizing, we have securely identified 29 X-ray sources with a unique optical counterpart; in one case (source 35, see Sect. 3.1) we cannot provide an unique identification. Five X-ray sources turned out to be optically blank fields at the limit of our images. The relative shifts between X-ray and optical centroids are plotted in Fig. 5 (left panel) and also reported in Table 1 .
Spectroscopic breakdown
We have obtained good quality optical spectra for 28 out of 30 objects with R< 24. The optical counterparts have been classified into three broad categories:
-Broad Line AGN (BL AGN): sixteen objects having broad emission lines (FWHM ∼ > 2000 km s −1 ); -Narrow Emission Line Galaxies (NELGs): nine objects including both narrow-line Type 2 AGN with FWHM ∼ < 2000 km s −1 or high-ionization state emission lines, and extragalactic sources without obvious AGN features in their optical spectra but with the presence of at least one, strong emission feature (Emission Line Galaxies, ELGs). -Normal galaxies three objects showing a red continuum and an absorption line optical spectrum, typical of an early-type elliptical galaxy.
Radio properties
We have found five X-ray/radio associations out of 29 sources with radio coverage. The 5 GHz flux versus the R band magnitude is reported in Fig. 6 . The dot-dashed line shows the value of α ro =0.35, often used to separate Radio Loud (RL) and Radio Quiet (RQ) objects (see Ciliegi et al. 2003 for details). Three out of the 5 X-ray/radio associations were clearly detected at fluxes higher than 1 mJy. It is interesting to note that these radio-bright sources show heterogeneous optical properties. Only one object (source 16), spectroscopically identified with an ELG at z=0.84, is classified as RL according to its α ro . The highlevel of radio emission and its hard X-ray color (see Sect. 5.2) allow us to classify it as a Narrow Line Radio Galaxy, the only flavor of obscured Type 2 AGN which has been extensively studied at all redshifts and over a wide range of luminosities (e.g. McCarthy 1993). The brightest radio source (S 5GHz = 9.3 mJy) is source 2, spectroscopically identified with a BL AGN (see also F00). Even if this ob- ject would not be classified as a RL source on the basis of the observed α ro , the 5 GHz luminosity of ∼ 10 26 Watt Hz −1 is typical of RL quasars (> 10 24 Watt Hz −1 ). Finally, a detailed discussion on the nature of the third bright object, an absorption line galaxy (source 17), is postponed to Sect. 5.3. At fluxes below 1 mJy, we have detected radio emission in two sources (source 35 and source 181). As discussed in Sect. 3.1, a radio source is almost coincident with the XMM-Newton centroid of source # 35. On the basis of its α ro value, this object would be classified as a RL object. If the K-z relation (Jarvis et al. 2001) of powerful radio galaxy holds also at the mJy flux level, its bright K-band emission (K∼ 18.5, see Fig. 3 ) suggests that this object could be a high-redshift (z=1.5-2) galaxy. Finally, source 181 is classified as an ELG on the basis of the optical spectrum. Given the small area sampled and taking into account the radio coverage, the present X-ray sample is not suitable for a reliable estimate of the RL fraction among X-ray selected samples and a detailed analysis based on a larger statistic is deferred to a forthcoming paper (Ciliegi et al., in preparation) .
Discussion
Broad-Line Objects
The 16 objects with broad optical emission lines have an average X-ray-to-optical flux ratio < lg(F x /F R ) >=0.32 with a dispersion of 0.48 (see Fig. 7 , left panel) which is typical of soft X-ray selected Type 1 AGN (Lehmann et al. 2001) . Given the high spectroscopic completeness of the present sample, it is possible to place some constraints on the intrinsic column density (N H ) directly from the HR vs. z diagram (Fig. 7, right panel) . While a population of BL AGNs with an unobscured X-ray spectrum is present at all redshifts and spans a wide range in luminosities, several examples of X-ray obscured, BL AGNs seem to be present at high redshifts and X-ray luminosities. Taking the absorption column density obtained from the HR analysis at the face value, six out of the 13 BL AGNs with L X > 10 44 erg s −1 (Fig. 8) would have N H > 10 22 cm −2 , and two even larger than 10 23 cm −2 (Fig. 7, right panel) . Since the HR technique provides only a rough estimate of the X-ray spectral properties, we have tried to constrain the intrinsic column density through proper spectral analysis. A detailed description of the X-ray spectral fitting results for all the 122 sources in the HELLAS2XMM sample is reported in Perola et al. (in preparation). Here we briefly discuss the results relevant for the purposes of this paper, and in particular the 6 BL AGN for which the HR analysis suggests the presence of significant X-ray absorption. The source spectrum and associate background and response files for each of the 13 BL AGN (and for each XMM-Newton detector: pn and MOS) have been extracted from the original event files using the standard procedures with version 5.4 of the SAS. About half (six out of 13) of the sources are detected with a number of counts (<150) which does not allow to adopt the standard χ 2 minimization technique. The use of the C-statistic, originally proposed by Cash (1979) , is well suited to fit spectra with a few counts per bin in the limit of pure Poisson errors. In order to compare the results with those obtained with the HR technique (Fig. 7, left panel) , the power-law slope has been fixed to Γ = 1.8. The only parameters free to vary are the source normalization and the rest-frame intrinsic column density. There is no indication of intrinsic absorption for all of the seven sources which were considered as unobscured on the basis of their HR. The same conclusion has been reached for two out of the six BL AGN classified as X-ray obscured from their HR (source #35 and #21), though the absorption inferred from the HR is consistent with the upper limit obtained from the spectral analysis. For three of them (#127, #22 and #66), the best-fit rest-frame N H values are 17, 4.8, 4.7 × 10 22 cm −2 , respectively, and larger than ∼ 10 22 cm −2 at 90% confidence level for all the sources. These values are fully consistent with those obtained from the HR and provide further evidence toward the presence of substantial absorption in these objects. The brightest X-ray obscured (N H ∼ 10 22 cm −2 from the HR) BL AGN (source # 7) has been detected with enough counts to constrain both the power-law slope and the absorption column density. The best-fit parameters are fully consistent with the values published by Piconcelli et al. (2002) . The power law slope is rather flat (Γ ≃ 1.4) and the 90% upper limit on the intrinsic absorption is about 3.5 × 10 21 cm −2 . If the power-law slope is fixed at Γ=1.8, the quality of the fit is slightly worse (∆χ 2 = 3.1 for 1 d.o.f.) with a best-fit N H = 3±2 × 10 21 cm −2 .
In order to assess the robustness of our procedure we have performed some tests. First of all, we have changed the size of the local background regions to search for possible background fluctuations. Then we fit simultaneously the source plus background and background datasets linking together the model parameters for the background spectrum. Finally for the "brightest" sources (> 150 net counts) we have employed the standard χ 2 fitting procedure. In all the cases, the best fit parameters agree each other within the statistical errors. It is concluded that the absorption column densities inferred from the observed HR are slightly overestimated. Nevertheless, there are evidences of substantial intrinsic obscuration in three high-redshift sources spectroscopically classified as broad line AGN. The presence of broad optical emission lines and absorbed X-ray spectra can be explained either by a dust-to-gas ratio significantly different from the Galactic one (Maiolino et al. 2001) or by geometrical effects such as a patchy X-ray absorbing medium on the same scale of the broad line region. The red optical-UV continua of some of the BL AGN in our sample suggest a dominant contribution of the host galaxy starlight or an intrinsically absorbed continuum. In this respect, the optical near-infrared properties of two objects in our sample are particularly interesting. In source 7 (z=0.381), the presence of a broad Hα line and the relatively high X-ray luminosity (∼ 2 × 10 44 erg s −1 ), coupled with a red optical continuum dominated by the host galaxy starlight (as the presence of Ca H and K plus other absorption lines clearly indicate, Fig. 9, upper panel) , suggest to classify this object as a red quasar. Other examples of low-redshift red quasars have been discovered both in X-ray (Kim & Elvis 1999; Vignali et al. 2000) and near-infrared surveys (Wilkes et al. 2002) . It is puzzling that, although moderate X-ray absorption (N H ≃ 10 21−22 cm −2 ) is often detected among red quasars, there is only marginal evidence of obscuration in source 7. The most convincing example of an optical spectrum which is dominated by the host galaxy starlight toward long wavelengths and by the active nucleus in the rest-frame UV has been recently reported by Page et al. (2003, see their Fig. 4 ). Another very interesting object is the highly absorbed (N H ∼ 10 23 cm −2 ) source 127 identified with a broadline quasar at z=2.251 on the basis of the MgII and CIII] lines (see Fig. 9, lower panel) . The other emission lines are narrow (FWHM<2000 km s −1 ) and the underlying continuum is very red if compared to that of optically selected BL AGNs (e.g., Brotherton et al. 2001) . For this source additional K-band imaging has been obtained as part of a complementary program of the HELLAS2XMM survey (Mignoli et al., in preparation) . The EFOSC2/R-band and VLT/K-band images are shown in Fig. 2 . The optical counterpart is associated with a bright near-infrared source (K= 18.4) having an optical to nearinfrared color of R-K=5.1, considerably redder than that of high-redshift quasars (R-K∼ 2), suggesting a dominant contribution from the host galaxy. As far as the multiwavelength properties (continuum shape, luminosity, hard X-ray spectrum, and upper limit on the radio emission) are concerned, this object is very similar to source N2 25 in the ELAIS survey (Willott et al. 2003) which is indeed classified as a reddened quasar at high redshift. The examples discussed above highlight the need of a multiwavelength coverage to properly classify and study the variety of continuum and emission-line properties of the quasar population found in moderately deep X-ray surveys.
Narrow Emission Line Objects
Nine objects with narrow emission lines have been found. On the basis of their optical lines ratios and intensities, two of them are securely classified as Type 2 AGN (sources 34 and 6) and one as a starburst galaxy (source 14), while for six objects (sources 20, 28, 89, 16, 181 and 116) we cannot provide a secure classification (mostly because only one emission line is present in the spectral range) and we refer to them as Emission-Line Galaxies (ELGs). All of these sources lie at relatively low redshifts (z< 1). Except for source 14, spectroscopically identified with a starburst galaxy, all the other objects in this class span a range of X-ray luminosities between 3×10
43 and 2×10 44 erg s −1 (Fig. 8) , typical of Seyfert 2 galaxies, strongly suggesting the presence of an active nucleus even in the objects where a more accurate optical classification is not possible. Furthermore, in the context of AGN uni- Fig. 9 . The optical spectra of the red quasar at z=0.381 (source 7, upper panel) and the BL AGN/ERO at z=2.251 (source 127, lower panel) discussed in Sect. 5.1 fied schemes, Type 2 AGN are expected to be intrinsically absorbed sources. Following the same procedure discussed in Sect. 5.1, we have estimated from the X-ray spectral analysis the absorbing column densities for these sources; both Type 2 AGN and four out of six objects among the ELG have N H values consistent with those obtained from the HR (larger than 10 22 cm −2 at the 90% confidence level) suggesting that the active nucleus is obscured both at X-ray and optical frequencies.
Absorption Line Galaxies
One of the most surprising and unexpected findings of deep and medium-deep Chandra and XMM-Newton surveys is the discovery of X-ray bright sources (L X > ∼ 10 42 erg s −1 ) in the nuclei of otherwise normal galaxies (F00; Mushotzky et al. 2000; Hornschemeier et al. 2000; Barger et al. 2001; Comastri et al. 2002b ). The three X-ray sources identified with normal absorption-line galaxies in the present sample show heterogeneous properties. Two of them (source 18 and source 17) have X-ray-to-optical flux ratios (< lg(F x /F R ) >∼ −1, see Fig. 7 ) which are marginally consistent with those of X-ray selected AGNs. The X-ray luminosity, almost two orders of magnitude higher than that expected on the basis of the L X -L B correlation of early-type galaxies (Fabbiano et al. 1992) , and the relatively hard X-ray colors strongly suggest that AGN activity is taking place in their nuclei. The absorption-line optical spectrum of these X-ray Bright Optically Normal Galaxies (XBONGs) have sometimes been explained if the nuclear light from a weak AGN is overshined by the stellar continuum of a relatively bright host galaxy Severgnini et al. 2003) ; However, a more complicate scenario for the two sources in our sample is suggested on the basis of multiwavelength data. A detailed study of source 18, which can be considered the prototype of this class of objects, has been already reported in Comastri et al. (2002a) : the low level of radio emission and the broad-band spectral energy distribution favour the presence of an heavily obscured, possibly Compton-thick (N H > 1.5 × 10 24 cm −2 ) Seyfert-like nucleus. Alternatively, XBONGs could be the host galaxies of BL Lac objects; if this were the case, deep radio observations would be the most useful tool to test this possibility. The relatively strong radio emission of source 17 (S 5GHz ∼ 1.3 mJy) and the relatively unobscured X-ray spectrum (N H ∼ 10 21 cm −2 ) favours the BL Lac hypothesis. Furthermore, for source 17, the 5 GHz luminosity (∼ 3 × 10 40 erg s −1 ), which is considered a good indicator of the overall spectral energy distribution (see Fig. 7 (a) in Fossati et al. 1998) , suggests that this object could be a rather extreme example of a high-energy peaked BL Lac (HBL; Ghisellini et al. 1998; Costamante et al. 2001) . This also explains the dominance of the stellar continuum over the BL Lac non-thermal emission in the optical band. For comparison, a few examples of radio bright XBONGs have been recently reported by in the 13hr XMM-Newton field.
The third object (source 8) is the softest source in the sample (HR=−0.72) and is also characterized by the lowest X-ray-to-optical flux ratio (< lg(F x /F R ) >∼ −2.5). Deep R-band image revealed a complex morphology: the peak of the X-ray emission is almost coincident with the brightest nucleus of an interacting system at z∼0.05 containing at least three nuclei in a common envelope. The total R-band magnitude of the system is R=13.7. The optical spectra of the three nuclei are very similar, showing an absorption-line spectrum typical of early-type galaxies, without any emission line except for a weak Hα in the faintest one. Both the optical and X-ray data favour thermal emission from a small group of galaxies. The quality of the present XMM-Newton observation, however, does not allow to distinguish between point-like and extended X-ray emission. Unfortunately, the source lies at the edge of the ACIS-I field in the Chandra observation, leaving this issue unsettled. Alternatively, if the X-ray emission were associated with a single nucleus, this object would be more similar to the previously discussed XBONGs.
Unification schemes, absorbed X-ray sources, and the XRB
Recent multiwavelength programs of follow-up observations of hard X-ray selected sources have already revealed a complex nature for the hard X-ray source population (Barger et al. 2002 Willott et al. 2003) . They have also suggested the necessity for substantial revision of the AGN unification models, which in their simplest version (e.g., Antonucci 1993), predict a one-toone relation between optical type 1 and X-ray unobscured sources, and between optical type 2 and X-ray obscured sources. Despite the relatively low number of objects and the small area covered, the high spectroscopic completeness (∼ 80%) and the multiwavelength coverage of the PKS 0312-77 field allow to further investigate this issue. As far as Seyfert luminosities (L X ∼ < 10 44 erg s −1 ) are concerned, our findings are in agreement with the prediction of current unification models: the narrow-line AGNs are typically X-ray obscured, while the BL AGNs are not. There seem to be, however, some hints for a departure from this simple scheme when quasar luminosities are considered; for example, the inferred column densities of three Type 1 QSOs are significantly higher than those estimated from the optical reddening indicators assuming a Galactic extinction curve (see Sect. 5.1). Other examples of X-ray absorbed, BL AGNs (both Seyfert and QSOs) have been discovered at relatively low redshifts among AGN selected from near-infrared surveys (2MASS AGN survey, Wilkes et al. 2002) and at brighter X-ray fluxes in the ASCA and BeppoSAX surveys (Akiyama et al. 2000; Fiore et al. 2001a,b; Comastri et al. 2001) . Although it seems premature to claim that a population of X-ray obscured type 1 AGN has been discovered, it is interesting to note that, if a sizeable number of these objects will be found by more sensitive X-ray observations, they could have the same role in contributing to the XRB of the so far elusive class of QSO2, for which only a handful of objects are reported in literature (e.g., Stern et al. 2002; Norman et al. 2002; Mainieri et al. 2002) . For the five objects undetected in the optical images, no reliable spectroscopic identification is possible even with 8m class telescopes. These objects are characterized by an X-ray-to-optical (hereinafter X/O) flux ratio > 10, e.g. more than one order of magnitude larger than the value expected for optically selected AGNs (Lehmann et al. 2001) . Sources with such a high X/O ratio represent ∼ 25% of the present sample (9 objects, see Fig. 7 ) and their fraction seems to be constant at lower fluxes in deep Chandra and XMM-Newton observations (see Fiore et al. 2003 for a detailed discussion). A large fraction of high X/O ratio sources is characterized by intrinsic column densities in excess of 10 22 cm −2 . This is an indication that the majority of the high X/O are powered by an X-ray obscured AGN. As shown in Fiore et al 2003 (see their Sect. 5 for details), it has been proposed that a large fraction of these sources would lie in the redshift range z=0.5÷2. If this were the case, at the fluxes of the present survey, high X/O sources would have an X-ray luminosity larger than 10 44 erg s −1 and would contribute to increase the fraction of high-luminosity, highly obscured sources closer to that predicted by XRB models. Moreover, preliminary results on VLT/ISAAC K-band imaging of high X/O sources revealed that almost all of the optically blank fields are associated with Extremely Red Objects (Mignoli et al. 2003) , further supporting the high-redshift nature for these objects. Deep K-band spectroscopy would definitively test this hypothesis.
Summary
The most important results obtained from the extensive multiwavelength coverage of the HELLAS2XMM field surrounding the radio-loud quasar PKS 0312-77 can be summarized as follows:
• We have detected 35 serendipitous hard X-ray sources in a 30 Ks XMM-Newton observation in the field of the radio loud-quasar PKS 0312-77. The X-ray sources span the flux range between 1 ÷ 40 × 10 −14 erg cm
• Thanks to the extremely good positional accuracy of Chandra, complemented by medium-deep radio and K-band observations, we have unambiguously identified the optical counterparts of ∼85% of the hard Xray selected sources. Taking into account the Chandra coverage of the XMM-Newton field, coupled with radio and infrared data we have revealed confusion problems in 2 out of 35 sources (∼ 6%) at an X-ray flux level of about 10 −14 erg cm −2 s −1 .
• At the relatively bright 2-10 keV fluxes sampled by our survey, the identified objects are characterized by a wide spread in their optical properties (both in the continuum shape and emission lines). The overall picture emerging from our study suggests that the optical appearance of hard X-ray selected AGN is different from what expected on the basis of the unified schemes, implying that classification schemes may not apply beyond the waveband in which they were made.
• Optical spectra of X-ray absorbed sources have revealed a few examples of high-redshift, highluminosity objects optically classified as BL AGNs.
• The multiwavelength coverage of the three "normal", X-ray bright galaxies made possible to further investigate the nature of this class of objects. Thanks to deep radio data, it was possible to tentatively identify a (H)BL Lac as the nuclear source of one object (source 17); the multiwavelength properties of source P3 have been already extensively discussed (Comastri et al. 2002a ) and favour a Compton-thick scenario; the origin of the X-ray emission from the third object is probably related to thermal radiation from an interacting system.
• Finally, about 25% of the objects in the present sample have X-ray-to-optical flux ratio greater than 10. Our results support the hypothesis that high X/O sources are powered by obscured accretion at z∼1. Deep nearinfrared spectroscopy could provide a powerful tool to test this scenario.
The overall picture of the nature of hard X-ray selected sources has already approached a fairly complicate description; it is clear that further and deeper observations over a broad range of frequencies would be helpful to better understand the content of hard X-ray sky. A list of serendipitous X-ray sources detected in the field of PKS 0312−77 was published by Lumb et al. (2001, hereinafter L01) and, more recently, by the SSC consortium. Here we try to investigate the differences in both the number of detected sources and their X-ray fluxes on the basis of the available information.
-L01: Using a sliding-cell detection algorithm (the XMM-SAS task EBOXDETECT) and a detection threshold of 5σ, 52 sources were detected in the soft (0.5-2 keV) band; for 47 of these sources the 2-10 keV flux was also reported.
-SSC: A total of 142 sources were detected in at least one of the five different energy bands (0.2-0.5; 0.5-2; 2-4.5; 4.5-7.5; 7.5-12 keV) and/or in one of the three EPIC cameras, with a maximum likelihood parameter (ML, from the task EBOXDETECT) larger than 8.
The comparison between our sample, L01 sample and SSC sample is not straightforward due to the different detection algorithms, thresholds, band selection and, partly, to the different versions of the analysis software adopted in the data reduction. We also note that the L01 results have been obtained on the basis of preliminary calibrated data. There is a significant difference in the total number of X-ray detected sources. The origin of this discrepancy could be mainly ascribed to the hard X-ray selection of our sample. Twenty-seven of the 35 sources in our sample have been reported by L01; 32 of the 35 sources have also been detected by the SSC when the detection in the 2-4.5 keV band (the energy range closest to the 2-10 keV band where the signal-to-noise ratio is maximized) is considered. We note that all of the sources in common between L01 and our sample are also included in the SSC sample. The five sources which belong to our sample and the SSC catalogue only (# 127, 65, 16, 89, and 45 in Table 1 ) are detected with ML>12 in the SSC 2-4.5 keV band; therefore we consider these sources as highly reliable. The absence of these sources in L01 is likely due to their hard X-ray spectrum (all of them have HR>0; see Table 1 ). Three sources are reported in our catalogue (# 181, 501, and 116) but not in the L01 and SSC ones; they are the hardest sources in our sample, and appear robust X-ray detections by visual inspection. The lack of these objects in the L01 and SSC sample is most likely due to the hard X-ray selection. Four sources reported in L01 with fluxes brighter than our flux limit are not present in our sample, although they are included in the SSC catalogue. Their non-detections in the SSC 2-4.5 keV band and their soft X-ray colors (quoted in Table 1 of L01) justify their absence in our 2-10 keV sample.
We have also compared the flux measurements of individual objects detected above the limiting flux of our survey (F 2−10 ≃ 10 −14 erg cm −2 s −1 ) which are in common in the three samples reported above. Our investigation reveals that the L01 fluxes are typically lower than ours by ∼ 25-30% at fluxes ∼ > 3 × 10 −14 erg cm −2 s −1 (see Fig. A.1, left panel) . Since the fluxes in the two samples have been computed assuming the same spectral model (Γ = 1.7 and Galactic absorption), the differences are likely to be due to a different correction adopted for the encircled energy fraction. This is particularly pronounced for the bright sources detected at large off-axis angles (see, e.g., source # 7). Two sources in the L01 sample deviate by more than one order of magnitude from our flux measurements (# 34 and # 66); we think that this is likely due to typos in Table 1 of L01. Conversely, there is a good agreement between our fluxes and the SSC ones (see Fig. A.1, right panel) for the 32 common sources. This result gives further support to the reliability of our flux estimates. The SSC 2-10 keV fluxes have been computed using the summed count rates in the 2-4.5 and 4.5-7.5 keV bands extrapolated to the 2-10 keV band assuming the same spectral model adopted in this paper. f : we note that a R=20.1 counterpart lies at 5.9 ′′ from the XMM centroid g redshift based on a single faint line; † : sources reported in Fiore et al. 2000 
